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Propagation of E1 region replacement adenovirus vectors in 293 cells results in the rare appearance of
replication-competent adenovirus (RCA). The RCA genome contains E1 DNA acquired from the 293 cellular
genome. The Luria-Delbriick fluctuation test was adapted to measure RCA formation rates. To test if structure
affected rate, we measured rates during the production of adenovirus vectors with genomes containing three
different expression cassette arrangements. The vectors had different extents of sequence identity with inte-
grated Ad5 DNA of 293 cells and had different distributions of identity flanking the expression cassettes. Empty
cassette vector RCA rates ranged from 2.5 X 107 to 5.6 X 10~ '°. The extent of sequence identity was not an
accurate RCA rate predictor. The vector with the highest RCA rate also had the least overall sequence identity.
To define factors controlling RCA generation, adenovirus vectors expressing E2F family proteins, known to
modulate recombination gene expression, and overexpressing the human Rad51 recombination protein were
analyzed. Compared to their corresponding empty vectors, RCA rates were not increased but were slightly
decreased. Initial results suggested expression cassette orientation and/or transcription direction as potential
RCA rate modifiers. Testing adenovirus vectors with identical transgene cassettes oriented in opposite direc-
tions suggested that transcription direction was not the basis of these rate differences. Thus, the overall
structure and location of the transgene cassette had the largest effect on RCA rate. The RCA fluctuation test
should be useful for investigators who require accurate measurements of targeted recombination and the
probability of RCA formation during stock production.

Recombination within uninfected mammalian cells is in-
duced by double-strand DNA breaks (37) which are repaired
by homologous recombination (HR) or by nonhomologous
end joining (NHEJ) (reviewed in references 39 and 50). Within
infected cells, recombination of adenovirus DNA with itself or
with host cell DNA leads to a number of outcomes. HR mech-
anisms are responsible for DNA exchanges between freely
replicating viral genomes (9, 51), adenoviral genome evolution
(28, 38), targeted DNA exchanges with the cellular genome
(6), and the appearance of replication-competent adenoviruses
(RCA) during production of El-deleted or El-mutated ade-
novirus stocks in 293 cells (14, 22, 54). Recombination by
nonhomologous mechanisms results in adenovirus-induced cell
transformation (7, 26; reviewed in reference 8) and genome
concatemerization in cells infected by E4-deleted adenoviruses
(48).

In theory, adenovirus DNA recombination is subjected to all
of the recombination mechanisms of the host cell. This idea
has sparked investigations into complex host cell recombina-
tion mechanisms using adenovirus as a simple and easily ma-
nipulated tool (reviewed in reference 53). In practice, the sim-
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plicity of this idea is complicated by the fact that adenovirus
proteins alter at least some host cell recombination mecha-
nisms (4, 43, 49). Determining how cellular recombination
pathways act upon adenovirus genomes and how adenovirus-
encoded proteins modify host recombination mechanisms will
contribute to a better understanding of adenovirus replication
and host cell biology.

Many single-stranded and double-stranded adenovirus ge-
nomes are produced during a productive infection (12, 44;
early references are reviewed in reference 19), providing ample
targets to the host cell’s HR machinery. It is not presently
known if HR is modified during adenovirus infection. It is
known, however, that small increases in cellular Rad51 levels
can increase HR (45). Increased levels of E2F1 result in higher
levels of Rad51 mRNA (42). It is possible that Rad51 expres-
sion is increased after wild-type adenovirus infection as a result
of the increased E2F1 transcription factor activity caused by
E1A expression (20). Furthermore, adenovirus can activate
signaling protein kinases that control both HR and NHEJ after
DNA strand breaks (4).

Cellular proteins of infected cells recognize the ends of the
linear adenovirus genomes and, as inferred from the results of
Weiden and Ginsberg, will attempt NHEJ to ligate individual
genomes into concatemers (48). Adenovirus produces two pro-
teins, encoded by E4 ORF3 and E4 ORF6, which inhibit the
NEH]J pathways and concatemer formation but continue to
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allow homologous DNA recombination (2, 10, 30, 33). The
exact host recombination pathways used during adenovirus
infection remain undefined, but they are likely associated with
or modified by adenovirus DNA replication, the high number
of single-stranded and double-stranded adenovirus genomes
produced during a productive infection, and/or virus-encoded
proteins.

Even though the molecular mechanisms of adenovirus DNA
recombination remain unknown, recombination frequencies
have been determined. HR between freely replicating adeno-
virus genomes (9, 51, 55, 57) is a relatively frequent event, as is
that of replicating adenovirus DNA with the covalently inte-
grated adenovirus DNA of rat F4 cells (6). The occurrences of
both of these events are high enough to be expressed in per-
centages. In contrast, the targeted recombination frequencies
observed when growing El-deleted adenoviruses in 293 cells,
using the acquisition of E1A DNA and generation of RCA as
markers for HR, are extremely low (<10 %) and subject to
stock-to-stock fluctuation (14, 22). This is even lower than the
reported frequency (1072 to 107> per cell) of nontargeted
recombination between replication-deficient El-substituted
adenovirus DNA and cellular DNA of several different human
and rodent cells (13, 29).

By definition, RCA will replicate in permissive host cells
lacking complementing adenovirus gene products. RCA con-
tamination of adenovirus vector stocks is a practical concern in
human gene therapy and experimental biology. For clinical
purposes, the U.S. Food and Drug Administration requires
that there be less than 1 RCA in 3 X 10'° viral particles (Food
and Drug Administration, BRMAC Meeting 30: adenovirus
titer measurements and RCA levels, 5 April 2001. Food and
Drug Administration, Rockville, Md.). Because up to 10*? vi-
rus particles can be injected per patient, injections will contain
some RCA. RCA occurs because production stocks of adeno-
virus vectors are made using 293 cells. The 293 cell genome
contains AdS DNA sequences spanning nucleotides 1 to 4344
(23) that provide a recombination target to E1-deleted adeno-
virus vectors. Because the frequency of RCA is low, most
stocks pass the Food and Drug Administration requirement.
Unfortunately, the more often an E1 deletion mutant is serially
passaged through 293 cells, the easier it becomes to detect
RCA in the viral yield (22).

RCA frequency is a proportional measurement. The fre-
quency varies among multiple viral stocks produced from a
single parental stock. This scatter reflects the time RCA first
appear in the viral replication cycle. Frequency estimates are
skewed further if there are differential growth rates of RCA
compared to its progenitor. Thus, RCA frequencies are only
general estimates of the probability of RCA formation during
stock generation.

To more accurately define the chance of having RCA in an
adenovirus stock, we used a modification of the Luria-Del-
briick fluctuation test (24). This test measures RCA rate.
Moreover, by performing a simultaneous RCA analysis on a
parallel set of viral progeny populations, this test excludes the
variances described above. The RCA fluctuation test proved
valuable in comparative studies designed to determine if ade-
novirus vector structure or transgene expression modified
RCA susceptibility. Using this approach, we determined the
rates of RCA formation of several adenovirus vectors whose
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El regions had three different amounts and arrangements of
sequence identity with the integrated adenovirus DNA of 293
cells; if leftward or rightward transcription of a transgene ex-
pression cassette influenced rate; and if overexpression of pro-
teins involved, directly or indirectly, in cellular HR affected the
RCA rate. The data generated are important in the study of
targeted recombination events in 293 cells and also provide a
baseline for experiments aimed at defining host cell proteins
directly involved in the process.

MATERIALS AND METHODS

Cell lines. 293A cells were purchased from Quantum Biotechnologies, Inc.
(Montreal, Quebec, Canada). A549 and 293 cells were gifts from H. S. Ginsberg
and Eric Frost, respectively. Cells were grown in Dulbecco’s modified Eagle
medium (Mediatech, Inc., Herndon, Va.) supplemented with 10% FetalClone II
(HyClone, Logan, Utah), 100 U/ml penicillin, and 100 pg/ml streptomycin (Me-
diatech, Herndon, Va.). Cells were incubated in a 37°C humidified incubator
with 5% CO, in air.

Virus construction and stock production. Transgenes were cloned into expres-
sion cassettes of pACE (56) or pDC516 (32) shuttle vectors. Transcription from
these cassettes was controlled by the human (Hs) or mouse (Mm) CMV IE
enhancer/promoter, respectively. For the construction of Ad.HisSUMO-1, the
entire SV40-based expression cassette was cloned from pSG5-HisSUMO-1 in
both orientations into pDC511 (32), which lacks an expression cassette. Viruses
were constructed by methods based on HR or site-specific recombination of two
plasmids. In the first system that relied on HR to produce adenovirus vectors,
PACE DNA was transfected into 293A cells with pJM17 DNA (27). In the
second system that used fit site-specific recombination to generate adenovirus
vectors, pDC516 DNA or pDC511 DNA was transfected into 293A cells with
pBHG,frt,AE1,E3,FLP (32). Viruses were grown and plaque purified using 293A
cells. Plaque-initiated stocks were crude lysates with the exceptions of Ad.
HsRad51 and Ad.HsCMV, which were further purified using CsCl gradients.

RCA frequency analysis. Stocks that were generated using 293 cells were
titrated using a 293 cell-based fluorescent focus assay (34). To determine the
number of RCA per ml, 60-mm-diameter dishes of A549 cells were inoculated
with 0.2-ml dilutions of the viral stocks for a period of 2 h with intermittent
shaking. After adsorption, a standard plaque assay was performed, and plaques
were enumerated at day 13 after cells were stained with neutral red (56). To
calculate RCA frequency, the number of RCA per ml were divided by the total
number of viruses per ml in the 293 cell-derived stock.

Fluctuation tests. Twelve or 13 35-mm plates of 293 cells were infected with
adenovirus vectors using 100 to 1,000 focus-forming units (FFU)/plate. Adsorp-
tion was done over a period of 2 h in a volume of 0.2 ml per plate, 2.5 ml of
infecting fluid (21) was added, and cells were incubated at 37°C and examined
daily. After all cells displayed CPE, they were subjected to freeze-thawing to
produce the “original yield.” The original yield was assayed as follows: 0.1 ml was
taken to determine the titers by fluorescent focus assay on 293 cells, 0.2 ml was
used to infect A549 cells grown in 35-mm-diameter plates, and the remainder
was used to infect A549 cells grown in 150-mm-diameter plates. The choice of
plate sizes was arbitrary. A large enough number of A549 cells had to be used to
avoid “input” cytopathic effect (CPE). In stocks with low amounts of RCA or
stocks that lacked RCA, duplicate assays also provided greater testing confi-
dence. Infected A549 cells were incubated at 37°C in Dulbecco’s modified Eagle
medium supplemented with 2% fetal bovine serum and the antibiotics listed
above. After 10 to 13 days of growth in A549 cells, the cells were subjected to
three cycles of freeze-thawing and 0.3 ml per sample was used to infect fresh
A549 cells grown in 35-mm-diameter plates (passage 2). After 10 to 13 days, the
passage 2-infected cells were subjected to freeze-thawing and 0.3 ml was used to
infect fresh 35-mm-diameter plates of A549 cells. An original yield was scored
positive when A549 cells displayed CPE at any step of serial infection. Apparent
RCA were verified by molecular methods.

The modified Luria-Delbriick (24) formula to determine the number of RCA
per virus per average yield is as follows: RCA rate = —In(number of original
yields without RCA/total number of original yields)/average yield per plate. The
average yield per plate was the average titer per plate, defined in FFU/ml, in a
fluctuation set multiplied by the volume (2.5 ml) of the original yield.

DNA analysis. RCA DNA was prepared from infected A549 cells by a mod-
ified Hirt DNA extraction protocol (15, 47). HindIII digestion of extracted DNA
was performed, samples were size fractionated through 1.0% agarose gels, and
bands were visualized by transillumination using UV light. Southern transfer-
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FIG. 1. (A) Model of RCA generation in 293 cells. The integrated
DNA of 293 cells replaces the expression cassette of adenovirus vec-
tors by an HR-based double crossover event. Theoretically, the cross-
over events can occur at any position with sequence identity. (B)
Adenovirus vector structures and sequence identity distributions rela-
tive to the integrated AdS DNA of 293 cells. Black rectangles represent
adenovirus DNA. Black lines represent 293 cellular DNA. Arrows
represent transcriptional direction. Gray rectangles represent expres-
sion cassette DNA. Ad.HisSUMO-1 (L to R) and Ad.HisSUMO-1 (R
to L) sequence identity distributions are the same as those of Ad.
MmCMV. RHE, right-hand end.

hybridization analysis was performed on a subset of samples using E1A or E1B
DNA as a probe to verify RCA DNA. Agarose gel electrophoresis of PCR
products, produced using primers designed by Lochmuller (22), was done to
verify RCA DNA from A549 cells infected by a CPE-inducing stock of Ad.
HisSUMO-1 (right [R] to left [L]).

RESULTS

Frequencies of RCA in adenovirus vector stocks. RCA are
generated by an HR mechanism that is thought to involve a
double crossover event in which the freely replicating vector
genome acquires wild-type DNA from the 293 cell genome
(Fig. 1A). The vector transgene cassette is replaced by func-
tional Ad5 E1A and E1B DNA. RCA can be identified using
bioassays, which test viral growth in cells lacking adenovirus
E1A and EI1B, or by molecular methods, such as restriction
endonuclease mapping, Southern blot analysis, or PCR. By
using a bioassay that detected RCA growth on A549 cells, we
determined the levels of RCA in stocks of passaged viral pop-
ulations and in stocks started using plaque-purified adenovirus
vectors. The structures of the RCA genomes were verified by
molecular methods.

Members of the E2F transcription factor family coordinate
the expression of genes in a cell cycle-dependent manner (re-
viewed in reference 3). Overexpressing members of the E2F
family can also increase or decrease the expression of genes
controlling recombination (25, 35, 36). To test if they affected
RCA production, we obtained adenovirus vectors that pro-
duced high levels of E2F family members (Ad.E2F1, Ad.E2F2,
Ad.E2F3, AdE2F4, Ad.E2F5, and Ad.DP1). New stocks were
produced using 293 cells and tested for the presence of RCA
using A549 cells. RCA were present in each of our stocks.

To separate the desired vectors from RCA, viruses were
plaque purified. Plaque-initiated stocks also contained RCA.
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FIG. 2. Fluctuation test protocol for RCA rate determination. 293
cells were infected using 100 to 1,000 FFU per plate of each adenovirus
vector. See Materials and Methods for additional information.

RCA were enumerated by plaque assay on A549 cell mono-
layers. Suspected RCA plaques were isolated, and viral stocks
were produced. Restriction endonuclease mapping and South-
ern blot analyses of the RCA genomes were consistent with
replacement of transgene cassettes with 293 cell-derived E1
DNA. The frequency of RCA in the Ad.E2F1 stock was 0.2 X
10~ and ranged from 1.6 X 107° to 6.8 X 10~° in Ad.E2F2,
Ad.E2F3, Ad.E2F4, Ad.E2F5, and Ad.DP-1 plaque-initiated
stocks. The amount of RCA in the E2F1 stock was lower than
that of all other E2F transgene-containing stocks, which either
reflected a randomness of the assay or showed that overex-
pression of E2F1 decreased the activity of the RCA-generating
recombination machinery.

In contrast to the above findings, plaque-initiated passage 1
or 2 stocks of E1 region-replacement adenovirus vectors con-
structed in our laboratory contained significantly lower levels
of RCA. These vectors contained and highly expressed a vari-
ety of transgenes implicated in DNA recombination, DNA
repair, or the cancer cell phenotype. The genomes of these
vectors (Fig. 1B) were different from those used in the pro-
duction of the Ad.E2F series and Ad.DP1. These results raised
the possibility that viral genome structure, the direction of
transcription, or overexpression of the transgene-encoded pro-
tein influenced the generation of RCA.

Fluctuation test to determine the rate of RCA generation in
293 cells. To better understand the determinants of RCA for-
mation, it was necessary to devise a system that avoids the
random fluctuations seen when the amount of RCA in multiple
stocks of a given vector is measured. With this goal in mind, the
Luria-Delbriick fluctuation test was adapted to determine the
rates of RCA formation.

The experimental protocol for RCA rate analysis is depicted
in Fig. 2. A series of 12 35-mm-diameter plates of 293 cells
were infected with 100 to 1,000 FFU of each plaque-purified
vector per plate. Based on prior RCA frequency measure-
ments, this amount of virus was expected to be RCA free. The
infected cells were incubated until all cells displayed advanced
CPE. The cells were subjected to freeze-thawing to release the
virus designated the “original yield.” The total viral yield per
plate was determined by fluorescent focus assay using 293 cells.
RCA detection was based on the biological endpoint of CPE in
AS549 cells. Two different-sized plates of A549 cells were used
for the initial RCA analyses so that we could assay most
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TABLE 1. Fluctuation analysis to determine the rate of RCA
formation during growth of adenovirus vectors with empty
expression cassettes

Result (FFU/ml [107]) with set indicated for:*

Plate no. Ad-Con Ad.MmCMV
1 2 1 2
1 18.0 3.7 20 40
2 7.6 2.9 59 120
3 1.9 3.8 21 70
4 0.7 2.1 25 53
5 1.1 2.0 23 62
6 1.0 1.4 32 95
7 0.7 1.8 32 69
8 2.2 2.7 23 67
9 6.0 3.5 34 76
10 1.3 3.0 32 74
11 1.9 2.8 17 67
12 1.3 2.5 22 61
Avg 3.6 2.7 28 71
SD 5.0 0.8 11 20
Sum 43.7 32.2 340 854

“ Boldface and italicized titers represent plates containing RCA.

(>95%) of the original yield and to provide replicates for RCA
detection. Original yields were scored as negative for the pres-
ence of RCA after three sequential CPE-free passages on
A549 cells. The presence of RCA in the “CPE-positive” yields
from the A549 cells was confirmed by restriction endonuclease
mapping of viral DNA. The acquisition of E1 DNA was con-
firmed by Southern blot analysis using either E1A- or E1B-
specific probes.

Rate of RCA generation in 293 cells: importance of vector
genome organization. To address the relationships between
RCA rates and overall sequence identity or identity distribu-
tions among vector genomes and the integrated Ad5 DNA of
293 cells, we evaluated three structurally different vectors with
empty or occupied transgene cassettes (Fig. 1B). The vectors
with the greatest overall sequence identity are based on Ad.
HsCMV. It has the largest stretch of sequence identity on the
right side of the expression cassette and an intermediate
amount of sequence identity on the left side of the cassette.
Ad-Con and Ad.MmCMYV share 1,210 or 1,266 bp of sequence
identity with the integrated adenovirus DNA of 293 cells, re-
spectively, but the distributions of their identities differ. The
results of fluctuation analyses of Ad-Con and Ad.MmCMYV are
listed in Table 1. The comparative experiments were done
using two sets of 12 original yields per virus. Each set was
produced on a different day. Although approximately 16-fold
more viruses were produced per plate using Ad.MmCMYV than
using Ad-Con, a smaller percentage of Ad.MmCMV-indepen-
dent yields (3.25-fold fewer) contained RCA. The rates of
RCA formation for these viruses are summarized in Table 4
and show that there was a significant increase in the RCA rate
when producing stocks of Ad-Con. In contrast to the idea that
more overall virus:293 cell sequence identity would result in a
higher rate of RCA formation, Ad-Con RCA formation rate
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was greater than that of either AdMmCMYV (Table 4) or
Ad.HsCMV (data not shown).

It is also clear that the RCA formation rates determined by
fluctuation assays are lower than the frequencies of RCA for-
mation. This likely reflects the skew inherent to frequency
estimates arising from differential viral growth rates in a mixed
RCA/adenovirus vector population and different times of RCA
appearance during individual stock production. One-step
growth curves were generated for a subset of the vectors tested
for fluctuation. Many of these displayed defective growth rel-
ative to their empty vector controls (data not shown). More-
over, in the case of RCA generated from Ad.E2F1, Ad.E2F2,
and Ad.E2F3, the plaque-initiated RCA stocks replicated bet-
ter than the vector from which they were derived (data not
shown). The differential growth rate of RCA appears to be
partly responsible for the observed differences between fre-
quency and rate measurements.

Although the overall viral:293 cell sequence identity is great-
est for Ad.HsCMV-based vectors, it is possible that length of
sequence identity on one side of a transgene cassette has a
greater influence on RCA formation than that of the other
side. Although Ad-Con displayed higher RCA formation rates,
its adenovirus DNA sequences, located to the right side of the
transgene cassette, had a relatively intermediate amount of
DNA sequence identity with the AdS DNA of 293 cells. On the
left side of the transgene cassette, Ad-Con had the least
amount of sequence identity (194 bp) with the integrated Ad5
DNA of the 293 cell genome compared to Ad.HsCMV (355
bp) or AdMmCMYV (456 bp). Because the rates of RCA for-
mation were not based simply on the lengths of identical ade-
novirus DNA sequences, some other feature(s) had to be caus-
ing the increased rate of RCA formation in Ad-Con infected
cells.

RCA rates are decreased by the presence or overexpression
of E2F1, E2F2, or E2F3 DNA. RCA generation by 293 cells can
also be employed as a tool to define proteins that modulate
gene targeting. E2F proteins regulate the expression of a num-
ber of genes involved in DNA replication and repair during the
transition of the cell cycle from late G, to S phase. Using
microarray-based analysis of Ad.E2F1-infected cells lacking
E1A, E2F1 has been shown to induce the transcription of
Rad51 (17). Rad51 is the essential central component of the
homologous DNA recombination/repair machinery in human
cells. Slight increases in Rad51 levels increase HR (45). It was
possible that overexpression of E2F1 could increase the rate of
cellular recombination and subsequent RCA formation rate.
On the other hand, E2F1 expression, induced using a virus-free
cell-based system, resulted in a decrease in the microarray-
defined transcription of other genes known to interact with Rad51
in the execution of HR and DNA repair (52). These down-
regulated recombination proteins included rec2/Rad51B,
Rad51C, and Rad52. The frequencies of RCA in the plaque-
purified virus stocks of the Ad.E2F family and Ad.DP1 vectors
were relatively high. It was possible that high levels of one of
the E2F proteins up- or down-regulated genes that altered the
rate of RCA recombination. Using a fluctuation test (Table 2),
we found that the RCA formation rates of Ad.E2F1, Ad.E2F2,
and Ad.E2F3 were similar (Table 4). These rates were lower
than that of their empty vector control, Ad-Con. The four- to
sevenfold decrease may simply reflect a structural feature of
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TABLE 2. Fluctuation analysis to determine the rates of RCA
formation during growth of Ad.E2F1, Ad.E2F2, and Ad.E2F3
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TABLE 3. Fluctuation analysis to determine the rate of RCA
formation during growth of Ad.HsRad51.nls

Result (FFU/ml [107]) for:*

Plate no. Ad.E2F1
Ad.E2F2 Ad.E2F3
Set 1 Set 2
1 14.1 9.0 <1 9
2 4.4 1.7 2 3
3 5.8 1.7 <1 24
4 54 1.9 14 7
5 6.4 1.7 10 9
6 6.8 4.1 6 5
7 5.7 11.7 1 14
8 2.5 4.2 7 6
9 2.2 5.3 25 1
10 2.0 7.2 67 4
11 1.7 7.7 10 6
12 8.9 7.5 2 9
Avg 5.5 5.3 14 8
SD 3.5 33 20 6
Sum 65.8 63.6 142 98

“ Boldface and italicized titers represent plates containing RCA.

the E2F vector genomes that inhibits recombination. Alterna-
tively, the decreased rate of RCA formation might suggest that
expression of any of these E2F proteins negatively affects RCA
recombination mechanisms.

RCA formation rates are not increased by high-level expres-
sion of nuclear-localized HsRad51. We have been using ad-
enoviruses as tools to study DNA recombination and repair in
mammalian cells. Rad51 promotes homologous DNA recom-
bination/repair in association with other cellular proteins, in-
cluding the Rad51 paralogs (Rad51B, Rad51C, Rad51D,
XRCC2, and XRCC3), Rad52, and Rad54 (50). To aid in the
investigation of recombination and repair processes, we have
constructed adenovirus vectors overexpressing wild-type and
mutant forms of these human DNA recombination proteins.
The biological properties of adenovirus vectors overexpressing
these genes will be reported elsewhere.

It was possible that overproduction of a single protein in-
volved in the multicomponent recombination/repair machine
would either increase or decrease RCA formation rate. Table
3 lists RCA fluctuation test results in stocks of Ad.HsRad51.
nls, and the rates of RCA formation are listed in Table 4.
Ad.HsRad51.nls produces a complete human Rad51 protein
with a c-terminal myc tag and three SV40-derived nuclear
localization signals. Rad51 lacks a nuclear localization signal,
and the addition of the nuclear localization signal assures its
nuclear accumulation. The RCA rate during growth of
Ad.HsRad51.nls was less than twofold lower than its matched
control adenovirus vector (Ad.MmCMYV). Furthermore, stocks
of adenovirus vectors expressing high levels of other human
recombination proteins did not have high levels of RCA. RCA
was undetectable in passage 2 plaque-initiated stocks of Ad.
HsRad51, Ad.HsRad51B, Ad.HsRad51C, Ad.HsRad51D, Ad.
HsXRCC2, Ad.HsXRCC3, Ad.HsRad52, and Ad.HsRad54
when a minimum of 10° FFU per stock was assayed by three

Result (FFU/ml [107]) for
Ad.HsRad51.nls set no.” indicated

Plate no.
1 2
1 42 110
2 35 82
3 49 48
4 23 38
5 28 56
6 29 28
7 29 59
8 32 66
9 31 71
10 38 85
11 31 61
12 25 49
Avg 33 63
SD 7 22
Sum 392 753

“ Boldface and italicized titers represent plates containing RCA.

sequential passages on A549 cells (data not shown). Fluctua-
tion tests to determine RCA rates were not performed on
these vectors, and it is possible that their transgenes may in-
fluence RCA formation, but not to the degree of Ad-Con.
RCA rate is not affected by transcription cassette orienta-
tion in vectors with an Ad.MmCMYV-like genome structure.
One of the major differences in the adenovirus genomes de-
picted in Fig. 1B is the direction of transcription from the
CMV promoter. The CMV promoters of Ad.HsCMV and
Ad.MmCMYV direct transcription rightward while Ad-Con cas-
sette transcription is in the leftward direction. It may be that
RCA rate is higher in leftward-transcribing cassettes because
of interactions between the viral DNA replication, recombina-
tion, and transcription machineries located at the left end of
the adenovirus genome. To determine if transcription orienta-
tion affects RCA formation rate during stock generation, we
evaluated stocks of viruses containing a small transgene tran-
scribed from an SV40 expression cassette in either a rightward
or a leftward direction. These E1 replacement adenovirus vec-
tors produced similar levels (data not shown) of a His-tagged
small ubiquitin-like modifier (SUMO-1) protein, which is in-
volved in posttranslational modification (18). Thirteen stocks
were generated for each virus. Five random stocks of each
virus construct were titrated to determine the average viral
yield per plate. Only one stock of the 26 contained detectable
RCA. The transcription orientation of the RCA-positive stock
was in the rightward orientation. PCR analysis of DNA from
this RCA stock revealed that it contained E1 DNA (data not
shown). Moreover, the RCA formation rates of these two
vectors were over 500-fold lower than those of Ad-Con (Table
4). The adenovirus portions of these Ad.HisSUMO-1 vectors
were identical to those of AAMmCMYV (Fig. 2), yet Ad.His-
SUMO-1 displayed 10-fold-lower RCA formation rates. This
difference could be due to the expression of SUMO-1, but it
could also be due to the presence of an SV40 expression
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TABLE 4. RCA rates”

Vector RCA Rate Fold decrease
Set 1 Set 2 Avg vs Ad-Con

Ad.MmCMV 1.0 x107° 1.2 x 1071 5.6 X 10710 45.5
Ad-Con 24 %1078 26X 1078 25%x10°8 1.0
Ad.E2F1 1.6 X 107° <1.6 X107 1.6 X 107° 3.8
Ad.E2F2 3.8x107° ND 39x 1077 6.7
Ad.E2F3 35x107° ND 35x107° 7.1
Ad.HsRad51.nls 2.6 X 10710 4.6 x 10710 3.6 x 10710 71

Ad.SUMO-1 (R to L) 4.7 x 10711 ND 47 x 10711 526

Ad.SUMO-1 (L to R) <6.7 x 10711° ND <6.7 X 10711® >526

“ND, not done.

® Estimate based on the absence of RCA in the 12 or 13 independent stocks of the fluctuation analysis.

cassette containing SUMO-1 DNA with different DNA topol-
ogy near potential sites of recombination. Although we did not
invert the orientation of transcription in the Ad-Con vector
and measure its effect on RCA generation, the RCA rates of
the SUMO-1 vectors support the idea that transcription ori-
entation is not the cause of the relatively high RCA formation
rate observed when producing vectors based on Ad-Con.

DISCUSSION

To measure the RCA formation rate of E1 region replace-
ment vectors in 293 cells, we adapted the Luria-Delbriick fluc-
tuation test. A previous report of rate measurement was based
on detection of RCA in sequential passages of adenovirus
vectors in 293 cells (14).

When choosing a system to measure the rate of RCA for-
mation, there are distinct advantages to analyzing parallel
stocks rather than serially passaged stocks. In serial passages,
the time of RCA occurrence is subject to chance variations.
Also, the rate of RCA replication, compared to that of the
parental adenovirus vector, greatly influences the outcome. In
parallel stock analyses, the skew caused by time of appearance
and differential RCA replication is avoided because a positive
or negative outcome is scored simply as the presence or ab-
sence of RCA. In the parallel stock fluctuation test for RCA
described in this paper, the rate can be determined if enough
parallel stocks are tested and if a proportion of the stocks are
negative for RCA. Furthermore, the entire viral yield, minus a
small amount used for titration on permissive 293 cells, is
tested on nonpermissive cells. A549 cells were selected as the
nonpermissive cell line and proved to be sensitive indicators of
the presence of RCA in a vector stock. We have been able to
reproducibly detect a single “spiked” RCA in a plate of A549
cells multiply infected with Ad.HsCMYV using a multiplicity of
infection of 10 (data not shown).

We tested several variables that might be predicted to in-

crease or decrease RCA rates. The first determined if the
overall sequence identity of an adenovirus vector genome with
the integrated Ad5 DNA of 293 cells affected the rate of RCA
generation. The second determined if the distribution of se-
quence identity flanking an expression cassette affected RCA
rate. The third addressed whether adenovirus vectors, produc-
ing high levels of human proteins involved in coordinate reg-
ulation of gene expression during transition into the S phase of
the cell cycle, exhibited altered recombination rates. The
fourth tested if overexpression of Rad51 modified the RCA
formation rate. The fifth determined if the direction of trans-
gene cassette transcription altered RCA rate.

Freely replicating Ad5 DNA can acquire Ad2 DNA inte-
grated in the cellular genome of transformed rat F4 cells (6).
The events could be easily detected because of DNA sequence
and restriction endonuclease site differences between the
highly homologous Ad2 and Ad5 genomes. Using an Ad2-
based vector, Hehir et al. showed that RCA formation in
Ad5-transformed 293 cells also occurred by homologous re-
combination between the integrated and freely replicating ad-
enovirus DNA (14). Based on DNA sequence variations be-
tween Ad2 and AdS, they reported evidence supporting double
crossover events during RCA formation in 293 cells. As would
be predicted by HR mechanisms, the exchanges were located
in regions of adenovirus DNA flanking the expression cassettes
of the input vector genomes. They also reported that the
amount of homology flanking an individual transgene cassette
correlated with the amount of RCA detected.

Based on overall sequence identity, the RCA rate would be
predicted to be higher in stocks of Ad.HsCMV and lower in
Ad.MmCMV or Ad-Con, which have sequence identities with
the 293 genome of 1,733, 1,266 and 1,210 bp, respectively (Fig.
1B and Table 5). In contrast to the prediction, our measure-
ments of RCA rates and frequencies suggested that overall
sequence identity was not the basis of the relatively high RCA

TABLE 5. Relationships of RCA rates predicted from overall and distributed sequence identities to observed RCA formation rates

Identity (bp) Prediction Observed RCA
Vector :
Left Right Overall Overall Distributed rate
Ad.HsCMV 355 1,378 1,733 Higher Intermediate Lower
Ad.MmCMV 456 810 1,266 Lower Highest Lower
Ad-Con 194 1,016 1,210 Lower Lowest Higher
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rate in Ad-Con stocks compared to Ad.MmCMV and Ad.
HsCMYV. Also, it can be argued that recombination frequen-
cies will differ on each side of the transgene cassette based on
lengths of sequence identity. Because RCA recombination re-
quires a double crossover event, the recombination frequency
should be more limited by the side of the expression cassette
with the smaller length of homology. Again, in contrast to
expectation, Ad-Con vectors, which would be predicted to have
the lowest rate of recombination, had the highest rate of RCA
formation.

In addition to sequence identity, the vectors differ in the
location of the packaging signal used to assemble DNA into
virions. In the Ad-Con-derived vectors, the packaging signal
has been moved to the right end of the genome, while it is
retained in its natural location in the Ad.MmCMV and Ad.
HsCMV vectors. Although we have not tested if the packaging
signal can interfere with recombination and RCA formation, it
is possible that viral proteins interact with the packaging signal
and interfere with recombination.

Infecting cells with adenovirus vectors overexpressing tran-
scription factors that increase or decrease the expression of
DNA recombination genes did not increase the rate of RCA
formation. We found that infection of 293 cells by adenovirus
vectors expressing E2F1, E2F2, or E2F3 resulted in a four- to
sevenfold decrease in the rate of RCA formation compared to
Ad-Con, the empty vector control. Several mechanisms that
could explain this decrease include the following: (i) either
positive or negative regulation, by E2F transcription factors, of
genes involved in controlling HR; (ii) E2F responses, such as
apoptosis, positive or negative regulation of cell cycle progres-
sion, differentiation, induction of checkpoints, DNA synthesis,
and DNA replication (reviewed in reference 3); (iii) “stuffer”
DNA causing changes in local DNA conformation and/or in-
creasing the distance between the two crossover events; and
(iv) longer transcription runs from expression cassettes con-
taining a transgene.

To study recombination proteins in vivo, vectors over-
expressing HsRad51, HsRad51B, HsRad51C, HsRad51D,
HsXRCC2, HsXRCC3, HsRad52, and HsRad54 were con-
structed. Preliminary RCA screening of these stocks has not
detected RCA to the level of Ad-Con (data not shown). Small
increases in Rad51 protein levels cause an increase in DNA
recombination (45). In contrast, the infection of 293 cells with
Ad.HsRad51.nls resulted in a slight decrease in the RCA rate
(1.6-fold) compared to that of the matching empty vector con-
trol, Ad.MmCMV.

An obvious difference in the vectors, which could explain the
observed differences in RCA formation rates, is the direction
of expression cassette transcription. It was possible that tran-
scription aimed toward the left end of the adenovirus genome
would open up this region to recombination as originally pro-
posed for other systems (1, 41, 46; reviewed in reference 5).
We constructed adenovirus vectors expressing His-tagged
SUMO-1 transcribed in rightward or leftward directions and
tested these in a fluctuation test. Ad.HisSUMO-1 vectors con-
tained an SV40 enhancer-driven expression cassette with
flanking adenovirus DNA identical to that of Ad.MmCMV.
Although we did not reverse the transcription cassette of Ad-
Con to determine if leftward transcription caused the relative
increase in RCA rate in this family of vectors, the RCA for-
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mation rate of the leftward-transcribed Ad.HisSUMO-1 vector
was not higher than that of the vector expressing HisSUMO-1
in the rightward direction, suggesting transcription direction
does not influence RCA generation.

RCA should be absent or kept to a minimum in adenovirus
vector stocks intended for clinical applications. Better RCA
rate measurements allowed meaningful comparisons of RCA
formation in different families of E1-substituted vectors in the
presence or absence of highly expressed transgenes. These
findings underscore the point that one cannot predict RCA
based simply on the extent of sequence identity with the inte-
grated DNA of 293 cells. This caution should be considered
when designing new vectors that will be produced in 293 cells.
Performing the RCA fluctuation test on 293 cell-produced
adenovirus vectors destined for patients would provide indica-
tors of RCA susceptibility and suitability for pharmaceutical
use.

Although 293 cells are widely used for adenovirus vector
construction and propagation, other cell lines have been con-
structed that express E1A and E1B but avoid any or extensive
sequence homologies (11, 16, 40). These cells do not provide
homologous targets for recombination. Unusual nonhomolo-
gous recombination events have been reported for PER.C6
cells that result in a small replicating adenovirus genome that
can replicate and package within nonpermissive cells only in
the presence of the original adenovirus vector (31). These are
not typical RCA in that they cannot be plaque purified and
cannot replicate efficiently at a low multiplicity of infection in
AS549 cells. It is clear that although 293 cells are useful for the
production of today’s vector preparations, better cell lines or
vectors will be used to diminish RCA.

RCA formation is a targeted recombination event. Adeno-
virus vectors represent easily manipulated tools that can be
used to study the rate of recombination in 293 cells. They can
be used to simultaneously overexpress wild-type or altered
recombination proteins. They can also be used to overexpress
genes, such as transcription factors, suspected of regulating
recombination gene expression. Defining the factors that reg-
ulate RCA formation in 293 cells will improve the understand-
ing of molecular mechanisms governing recombination and
should contribute to the development of human gene targeting
systems.
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